A subroutine which calculates the absorption of short pulse electromagnetic radiation in a material has been installed into the laser fusion modeling program called LASNEX. Calculational results show the necessity for NLTE physics to account for ionization, the development of non-exponential density profiles for the expanding plasma and movement of the critical point toward the surface which results in Doppler shifts of the reflected light. Comparison of calculations of local scale lengths with experiments shows not only good agreement but the correct scaling with intensity.
INTRODUCTION
The modeling of intense, short laser pulses incident on solids and/or plasmas is of much current interest. This is due in part to the inability of instrumentation to follow the rapid development of the plasma at subpicosecond time scales. Thus, the scale length of the plasma must be determined from the observation of the angle of incidence at which the peak of P-polarized absorption occurs. In order to derive relations between the absorption peak of P-polarized light and the scale length of the plasma simple assumptions, which are based on physical models,1 are usually made about the density and temperature profiles of the expanding plasma. These theoretical results are then used to infer the plasma scale length. 2 It is, therefore, desirable to improve constantly the theoretical modeling of the plasma so that, along with a better understanding of the general physics issues, more reliable diagnostic relations can be derived. To this end we have installed into the laser fusion modeling program called LASNEX3 a subroutine which calculates the absorption of short pulse electromagnetic radiation in a material. The primary motivation for installing such a package into LASNEX is to take advantage of the physics options which are available in the code, such as time dependent Lagrangian hydrodynamics, average ion atomic physics, flux limited electron conduction and various types of radiation transport of which flux limited diffusion is used here. A secondary motivation is the ease at which a new physics process can be added to LASNEX. This is because each process in LASNEX is assumed to be independent for a small enough time step. This assumption is sometimes called splitting. Because of splitting it is fairly easy to add a new physical process to the program. Thus, during each LASNEX time step the new subroutine solves Maxwell's equations for the incident wave in S-, and/or P-polarization and then calculates the rate of Ohmic energy absorption J . El = arlEI2, where is the real part of the conductivity O-8194-0503-5/91/$4.OO and E is the complex electric field. The calculated energy absorption rate along with the pondermotive force is then passed to LASNEX as a source. 
PHYSICS
The period of oscillation of light waves of current interest is on the order of a few femtoseconds. However, hydrodynamic time scales are two to three orders of magnitude longer. It is clearly an advantage to average over the short time scales so that we do not follow physical processes with time scales which are shorter than the hydrodynamic time scale. Thus, we are not going to follow the phase velocity of the wave nor are we going to follow the plasma waves. Losses due to the plasma waves will be added as a sink of energy in the same manner as collisions. The package is designed to propagate light pulses of approximately lOOfs or more in duration. Thus, since the period of oscillation of a light wave is approximately 2fs we will have a minimum of about 50 wave cycles in the pulse. In addition, skin depths range from a few hundred to a little over one thousand angstroms which means light traversal times are less than ifs since motion due to hydrodynamics is ignorable at these time scales. By Fourier transforming Maxwell's equations in time, and choosing the time steps between cycles in LASNEX sufficiently small, the above considerations lead in 1D to the Helmholtz equations. Our numerical algorithm for the solution of these equations reproduces the results of previous work.4 For S-polarized light (having the electric vector perpendicular to the plane of incidence) with a density gradient along the z-direction, fig. 1 , the Helmholtz equation becomes &E5 2
where E5(z) is the complex electric field along the x-direction, w is the angular frequency of the light wave, 9 is the angle of incidence, €3(z, w) = 1 + 47ria(z, w)/w is the dielectric function in the j-direction, and o(z, w) is the complex conductivity. For Ppolarized light (having the electric vector parallel to the plane of incidence) with a density gradient along the z-direction, the Helmholtz equation becomes
where B(z) is the complex magnetic field along the x-direction. The appearance of the dielectric function in the denominator of the first term in the above equation is the source of the phenomenon of resonance absorption which occurs when the dielectric function becomes small.
In order to calculate the broadening of the so-called resonance curve in the case of obliquely incident P-polarized light waves in inhomogeneous plasmas, we must consider losses due to the generation and decay of plasma waves in addition to the usual electronion collisions.5 In order to accomplish this the total collision rate in the resonance region is modified along the z-direction to account for losses due to the plasma waves:
where v(z) is the electron-ion collision rate, ziL , is the Landau damping rate at the critical point, and v is the rate at which plasma waves leave the resonance region. The frequency dependent conductivity, o'3(z,w), is the usual generalization which accounts for frequency dependence by interpolation between the d.c. conductivity and the high frequency free electron gas conductivity:
where zi,(z) = u(z) when j = x, or y, and zi(z) = iij(Z) when j = z. The electronion collision rate is calculated using a model which was developed by Lee and More.6 They accounted for solid-state effects by adjusting the calculated electron collision rate to be consistent with the electron mean-free path in the material. The solid state effects result in a falling off of the resistivity at high temperature which has been observed experimentally. 7 3. RESULTS Fig. 2 shows various physical parameters as a function of position for an initially cold gold target which was irradiated with a laser pulse of wavelength O.583jim, a maximum intensity of 2 x 1013 W/cm2 and width of 1 ps at zero angle of incidence 5 ps after the peak of the pulse. The curves labeled A, B, and C are the electron, ion, and radiation temperatures respectively in units of keV, the curve labeled D is the mass density in g/cc, the curve labeled E is the electron density divided by the critical density which for this case is 3.28 x 1021 /cc, and the curve labeled F is the ionization. The surface of the plasma is the right hand side of the figure and the units on the abscissa are centimeters. It is seen from the figure that the electron density follows an exponential profile from well inside the critical point at z 2 x iO cm to the surface at a little over 3 x i05 cm. The scale length is seen to be L 3.8 x 1O_6 cm which corresponds to kL 0.41, where k is the wavenumber of the light wave. Furthermore, the electron temperature is about 10 eV from critical to the surface which justifies the use of LTE physics in this case since the ionization is below 10 electrons and collisional ionization rates are still relatively rapid. Fig. 3 shows the same system after 45 ps have elapsed after the peak of the pulse. In this case the electron density no longer follows an exponential profile which is characteristic of isothermal expansion,2 but follows a much slower decay. Physically this is due to the fact that electron conduction can no longer maintain a constant temperature over the distance from the critical point to the surface. An inspection of the slope of the electon density curve at critical shows that the scale length at critical is L 1.8 x i05 cm which corresponds to kL 2. for a pump intensity of 2 x 1013 W/cm2 . It can be seen by the figure that agreement between the calculation and experiment is good. The error bars on the LASNEX calculations are gotten by averaging the pump intensity over the angle of incidence which varies between
It should be noted that the experimental scale lengths vary in proportion to the square root of the intensity and that LASNEX was able to successfully model this dependence. Finally, in these calculations LASNEX was run with the atomic physics in local thermodynamic equilibrium (which means that the secondary blackbody radiation source is determined by the electron temperature), radiation transfer was by flux limited difl'usion,3 and the electron thermal transport flux limiter was set to I = 0.1.8
Figure . fig. 3 at the peak of a 1 Ps probe pulse of maximum intensity of 1 x 1014 W/cm2 50 ps after the peak of the pump pulse. In the figure, the curve labelled A is the electron temperature in keV, the curve labelled B is the mass density, the curve labelled C is the electron density divided by the critical density and curve D is the ionization. It is seen from the figure that the critical density has moved toward the surface as compared to fig. 3 due to ionization. It is seen that the ionization is approximately 20 at critical and relatively constant towards the surface until an electron density of 0.1 of critical. The electron temperature is essentially a constant 200 eV in that density range as well. It should be noted that this run was made using NLTE physics. This is necessary because the rate of rise of the electron temperature exceeds electron collisional ionization rates for ionization states beyound about 20 for gold which corresponds to the beginning of the N-shell. So the ionization of gold beyound about 20 lags the free electron temperature. Figure 5 The electron density and temperature, mass density and ionization for gold at the mazimum of the probe pulse 50 ps after the peak of the pump pulse.
In LTE the ionization state is well within the N-shell and the electron temperature is lower because some of the electron thermal energy is taken up to ionize the gold. It is seen by the figure that the electron density essentially follows an exponential profile for densities below the critical point. The scale length at critical is easily determined to be L 3.9 x iO cm or kL 4.3.
SUMMARY
We have installed a new subroutine into LASNEX which calculates the absorption of short-pulse electromagnetic radiation in a material. Preliminary results show the necessity for non-LTE physics in the calculation of ionization in two beam experiments. Non-exponential density profiles are calculated for late-time expansion of single beam experiments. Movement of the critical point towards the surface due to ionization leading to Doppler shifts of the scattered light is also calculated. Finally, comparison of the calculation of local scale lengths to experiments shows the correct energy scaling. Thus, priliminary calculational results are promising. In the future we intend to better model plasma wave excitation so that modeling of absorption curves can proceed.
